A method of graphite furnace atomic absorption spectrometry (GFAAS) with a direct atomization technique has been developed for the determination of trace amounts of Cd and Pb in human teeth and artificial teeth. The samples were ground to a particle size of less than 10 gm and mixed with the same amount of graphite powder. One-half to 2 mg of mixed sample was weighed in a tared graphite cup and atomized in a cup-type graphite furnace according to the heating program that was established. Absorbances were determined by integration of the spectral lines in the absorbance vs time spectrum. Calibration was affected using aqueous standard solutions. The results for six human tooth samples and two artificial tooth samples were in good agreement with the values obtained by GFAAS for dissolved samples. The relative standard deviations were 3.1-12% (n = 10) for Cd (19-95 ng g -3) and 0.9-8.1% (n = 10) for Pb (1.43-6.32 Ag g-3). The determination limits corresponding to twice the standard deviation (o, n = 10) for blank measurements were 13 pg for Cd and 53 pg for Pb. t 1995 Academic Press, Inc.
Direct introduction of solid samples (1) is an attractive method for sample introduction to the atomic absorption spectrometer, because it can avoid tedious sample digestion procedures and separation and/or concentration which are sometimes accompanied by accidental contamination. Applications of this method were limited mainly to metallic samples (2) in which determinants are present in a metallic state and organic samples (3) whose matrix decomposed easily and evaporated at the pyrolysis or atomization step. Recently, the applications have been extended to trace elements in silicate rock samples (4) having complicated matrix composition and minor metals in heat-resisting ceramics (5) (6) (7) . 256 The direct atomization is subjected to various interferences whose main source is the matrix which may produce atoms, molecules, and radical-interfering species as well as solid or liquid particles formed by spattering of solid sample. When the interfering species have absorbance spectra near those of determinants, serious spectral interferences can occur. Developments of Zeeman background correction (8) and self-absorption background correction (Smith-Hieftje method) (9) can avoid molecular absorption and scattering of particles and made the application of the direct atomization technique wider than the variety of samples.
The trace elements in the bioinorganic material such as teeth and bones composed of hydroxyapatite and organic materials and shells and corals made of calcium carbonate and collagen have long been determined by the atomic absorption spectrometry (AAS)' with dissolved samples (10) (11) (12) (13) (14) (15) and X-ray fluorescence spectrometry combined with preconcentration by ammonium 1 -pyrrolidinyl-dithiocarbamate precipitation (16) . Few investigations of direct atomization AAS have been made on the determination of trace elements with the exception of Cd and Pb in human teeth and bones (17) , Mn, Zn, and Ag in human teeth (18) , and Pb in bovine teeth and bones (19) . In these papers, however, no information exists pertaining to the effect of particle size, the addition of graphite powder, and the atomization program.
The present investigation is concerned with a further application of the direct atomization AAS to determine Cd and Pb in human teeth and in artificial teeth made of apatite-wollastonite (AW) glass ceramic (20) . Discussion will be extended to (i) particle size of the sample, (ii) amount of graphite powder to be added, (iii) pyrolysis and atomization temperatures, and (iv) effectiveness of aqueous solutions for the calibration of solid samples. The proposed method was applied successfully to the determination of the Cd and Pb in human teeth and artificial teeth samples.
EXPERIMENTAL

Instrumentation
A Hitachi Z-8000 polarized Zeeman atomic absorption spectrometer was used in conjunction with Hamamatsu Photonics monoatomic hollow-cathode lamps, a photothermal controller, and a Hitachi AA data processor which compensates for background aborbance. Pure Ar (99.995%) was used as the inert gas. The atomization was conducted in a Hitachi No. 180-7402 cup-type graphite cuvette with a graphite cup (3.0 mm diameter X 3.8 mm high externally, 2.5 mm diameter X 3.0 mm high internally) made according to Atsuya and Itoh (21) from the spectroscopic graphite rod (ultra F purity, Ultra Carbon Co.). Prior to use, the cuvette and the miniature cup were baked at 2600°C and checked for the absorbance of Cu and Pb.
X-ray diffraction patterns were recorded by a Rigaku Rint 1200 X-ray diffractometer with a Cu anode X-ray tube and a graphite monochromator.
Tooth samples were washed in a Branson 1200 ultrasonic bath (47 kHz, 60 W). The powder mill was an Ishikawa Model AGA grinder with an agate mortar and pestol. The powder mixer was an Iwaki Model Ma-1 mill with a polyethylene cylinder (24 mm high X 12 mm diameter internally) and a single ball (9 mm diameter). Particle size distribution was measured by a Shimadzu Model SA-CP3L centrifugal particle size analyzer.
Pulverized samples were weighed on a Mettler Model M3 microbalance and were placed in the graphite cup using a spoon made from a sheet of parchment paper. The miniature cup was handled with a pair of bamboo tweezers. Aqueous samples were injected into the graphite cup within the furnace using an Eppendorf Model 4700 micropipette.
Samples and Chemicals
Noncarious human tooth samples were obtained from the Yokohama area, Japan. They had been stored in formaline. Extraneous blood and tissue were removed by 3% (m/m) hydrogen peroxide for 5 min. Remaining tissues were removed by scraping with a polycarbonate spatula followed by brushing with a toothbrush. Samples were ultrasonically rinsed with deionized water for 1 h, dried in an electric oven at 110°C for 24 h, and ground to 14 mesh (under 1190 Am) with an agate mortar. Two artificial teeth made of AW ceramic were pulverized to 14 mesh with a corundum mortar.
Graphite powder of about 20 Aim particle size was prepared from the spectroscopic carbon (ultra F purity) by grinding in an agate mortar. Prior to use, it was checked for Cd and Pb contamination.
Cadmium and Pb standard solutions of 1000 ppm (m/ m) were prepared according to the JIS K0102 procedure. Matrix modifier solutions were prepared from nitrate of Pd dissolved in deionized water. All reagents used were of extrapure grade. Deionized water was purified by a Kurita Demi-Ace Model DX-16 demineralizer and filtered through a membrane filter (Millipore AAWPO 700, pore size, 0.8 Arn diameter).
Procedure
The tooth samples of 0.5 g were ground to a particle size of less than 10 um with 10 ml of n-propyl alcohol in an   TABLE I agate mortar for 80 min. One gram of AW ceramics was ground by a corundum mortar for 60 min. The samples were mixed with the same amount of graphite powder in a corundum mortar. One-half to 2 mg of the mixed sample was inserted into the cuvette. The sample was atomized under the instrumental conditions described in Table 1 according to the present heating program described later. Absorbance was determined by integration of the spectral lines in the absorbance vs time spectrum. Analyte concentrations were determined against the calibration graphs constructed from a suit of standard solutions. 
RESULTS AND DISCUSSION
Particle Size of Samples
In most methods for the direct atomization AAS of solid samples the amounts of aliquots range from less than 0.5 mg up to 10 mg or more. The determination of trace elements in a sample weighing 500-1000 mg does not introduce any serious sampling errors. However, when solid or pulverized samples of the order of 1 mg are taken by weighing, important problems relating to the sampling errors are raised.
Trace elements in inorganic solid substances form solid solutions with crystals or are present at the boundary of the crystals, being heterogeneously distributed in solid samples. In tooth samples, minor components have less homogeneity than inorganic solid samples: they are present in hydroxyapatite and/or enamel protein and collagen. Therefore, the tooth samples must be ground to a very fine powder to make them homogeneous for better reproducibility. The particle sizes of less than 5 Am of silicate rocks (4) and quartz (5) and 7µm of silicon nitride (7) were reported to have provided a good reproducibility. Figure 1 shows the variations in absorbances of Cd and Pb with the particle size (median value) of tooth samples. The variations in the associated relative standard deviation (RSD) of absorbance of each element are also shown in Fig. 1 . The absorbances of Cd and Pb increased abruptly in the range of 17.5-15 pm followed by a gradual increase up to 12 Am and leveled off after that. The RSDs decreased markedly with a decrease in the particle size and lowest stable values were obtained under 10 Am. The absorbances and RSDs of absorbances of Cd and Pb in AW ceramics also showed a similar trend. Based on the data obtained so far, the following grinding conditions are considered to be applicable: 0.5 g of tooth samples is ground to a particle size of less than 10 urn with 10 ml of n-propyl alcohol in an agate mortar for 80 min. Aliquots of 1 g of AW ceramics are ground with a corundum mortar for 60 min. According to Wilson (22) , the number of particles of 10 Am of median size in 1 mg is sufficient for obtaining accurate results.
Addition of Graphite Powder
Addition of graphite powder to pulverized samples in the graphite furnace gives a sharp and intense spectral line owing to the improved electroconductivity and heat conductivity (23, 24) . Figure 2 shows the variations in the absorbances and RSDs of Cd and Pb in tooth samples. Stable and maximum absorbances were obtained with 50-60% (m/m) of graphite powder mixed with tooth powders. The RSDs decreased radically and showed a lowest value at 45% (m/m) mixing ratio. This result implies that an increase in sample amount in the cup inhibits the diffusion of atomic vapor to increase the loss of sample powder by spattering. When the added graphite powder exceeds 50% (m/m), the RSDs increased markedly. Excess addition of graphite powder also worsens the reproducibility of absorbance. Though the addition of graphite powder could not enhance the absorbance in the present experiment, the samples were mixed with graphite powder at the mixing ratio of 1:1, because the addition improved the reproducibilities and prevented the adhesion of molten samples to the graphite cup.
Atomization Program
Optimum temperatures for the pyrolysis and atomization steps for respective elements were determined with the (1:1) mixture of tooth powder and graphite powder, 0.5 mg for Cd and 2.0 mg for Pb. Figure 3 shows the variations in absorbances of Cd and Pb in tooth samples and aqueous standard solutions as a function of temperature of each heating step. The heating program presently established is given in Table 1 .
The absorbances vs time profile of Pb in tooth samples and hydroxyapatite under the pyrolysis step is shown in Fig. 4 . With an increase in the temperature absorbance vs time, profiles of tooth samples became sharper and began to have double peaks. Profiles of background absorbances became smaller with an increase in pyrolysis temperature. This tendency was also observed in the case of the hydroxyapatite. In the diffraction pattern recorded before and after heating the tooth samples at 900°C, hydroxyapatite was identified (25) . A small peak (2,0,10) of whitlokite (13-Ca3(PO4 )2 (26) was also identified in the sample after heating at 900°C (Fig. 5) . The diffraction pattern recorded before pyrolysis gave a smooth and broad halo which indicated the existence of an amorphous phase. Halo maxima appeared at 22.5° 20 before heating and at 20.5° 20 after heating. The diffraction intensity of the amorphous halo decreased as the heating temperature increased. The mass of the tooth sample decreased by heating beyond 700°C and reached the lowest value (-8--9% (m/m)). This is because the organic phase such as collagen is decomposed and evaporated by heating. Hence, pyrolysis at 500°C for Cd and at 700°C for Pb is effective for the analysis.
Modifier
To prevent the evaporation of the analytes of the 12-15 groups of elements in the periodic table during the pyrolysis step, Pd was employed as matrix modifier (27) . The sensitizing effectiveness of Pd was examined. The addition of aqueous solution of Pd(NO3)2 to the mixed powder of teeth and graphite, 0.5 mg for Cd and 2 mg for Pb, reduced the line width of absorbance vs time profile about 10%, but the absorbances of Cd and Pb were not enhanced.
Calibration
The selection of calibrating standards is a serious concern when a solid sample is atomized directly. Atsuya h Graphite furnace atomic absorption spectrometry with dissolved samples.
and Itoh (21) and Headridge and Nicholson (28) have used synthetic solid standards having similar compositions to actual samples. They reported that their calibration gave more accurate results than those obtained by aqueous standard solutions. Few investigations, however, have ever been made on the use of aqueous standard solutions for calibration with the exception of Cu in the carbonate scale (29) and trace metals in silicate rocks (4, 5) . Figures 6 and 7 show the variation in absorbance with the amount of the determinants. The absorbance for Cd in tooth samples was proportional from 0 to 0.25 ng and from 0 to 4 ng for Pb. When aqueous standard solutions are atomized, absorbance of Cd showed the same proportionality as in the case of tooth samples, though the proportionality for Pb extended up to 9 ng. The upper limits of the amounts of determinants correspond to the amount of tooth samples of 0.4 mg for Cd and 1.5 mg for Pb. Therefore, lowering of the absorbance observed with large amounts of samples is considered to be due to the Hortzmark effect for Cd and for Pb in solid samples and the Lorentz pressure effect may become dominant. The above observations indicated that 0-0.25 ng and 0-4 ng of the determinants provide the effective calibration ranges by aqueous standard solutions in the direct atomization method for Cd and Pb, respectively.
Application to Human and Artificial Teeth
Concentrations of Cd and Pb in six human tooth samples and two artificial tooth samples obtained under the proposed experimental conditions (Table 1) are given in Table 2 . The calibrations were performed using a series of standard solutions. Each value in Table 2 is the average of 10 measurements; the relative standard deviations for Cd (19- 95 ng g -3) and Pb (1.43-6.32 pg g -3) are 3.1-12% (n = 10) and 0.9-8.1% (n = 10), respectively. Values obtained by the graphite furnace AAS method for dissolved samples are also given in Table 2 for comparison. The values agree well with each other and fall in the range of the previously reported values (17) . The determination limits corresponding to twice the standard deviation (a, n = 10) for blank measurements are 13 pg for Cd and 53 pg for Pb.
